Abstract: A novel ultrasonic levitating bearing excited by three piezoelectric transducers is presented in this work. The transducers are circumferentially equispaced in a housing, with their center lines going through the rotation center of a spindle. This noncontact bearing has the ability to self-align and carry radical and axial loads simultaneously. A finite element model of the bearing is built in ANSYS, and modal analysis and harmonious response analysis are conducted to investigate its characteristics and driving parameters. Based on nonlinear acoustic theory and a thermodynamic theory of ideal gas, the radical and lateral load-carrying models are built to predict the bearing's carrying capacity. In order to validate the bearing's levitation force, a test system is established and levitating experiments are conducted. The experimental data match well with the theoretical results. The experiments reveal that the maximum radical and axial levitating loads of the proposed bearing are about 15 N and 6 N, respectively, when the piezoelectric transducers operate at a working frequency of 16.11 kHz and a voltage of 150 V p-p .
Introduction
Many sophisticated power machines and equipment such as high-speed precision machine tools, aero-engines, and micro gas turbines (MGT) demand greater bearing performance in terms of high-speed capacity, precision, reliability, longevity, low noise, etc. [1] [2] [3] . Traditional contact bearings hardly can meet these requirements due to problems such as wear, heat generation and so on [4] . Therefore, noncontact bearings have been extensively studied. The main types of noncontact bearings widely adopted today include hydrostatic bearings, hydrodynamic bearings, and electromagnetic-suspension bearings. However, these bearings also have limitations [5] . Gas pumps and pipelines are absolutely necessary for hydrostatic bearings, which results in high operation costs and bulky systems [6] . Serious wear will appear in the starting or stopping stage of hydrodynamic bearings, and an eccentricity phenomenon is inevitable [7] . With regard to electromagnetic-suspension bearings, demagnetization and magnetic leakage will affect their performance. Besides, a complicated control system is needed to guarantee their high precision and stability [8] . Hence, improvement of existing bearing technology and development of novel bearing concepts are of great significance.
As a promising alternative solution, the ultrasonic levitating bearing based on near-field acoustic levitation (NFAL) was proposed [9, 10] . This kind of bearing carries a load using acoustic radiation force excited by piezoelectric ceramics. Compared with other noncontact bearings, air-supply devices and lubrication are not needed. In the starting or low-speed stage, ultrasonic bearing can generate identical carrying capacity, ensuring good stability. Bearing clearance and carrying capacity can be adjusted through changing the amplitude of the vibration surface. The control system of an ultrasonic
Structure and Operating Principle
The proposed bearing consists of three piezoelectric transducers (PT-1, PT-2, and PT-3) mounted on a housing. As shown in Figure 1a , the transducers are set circumferentially, and their center lines' intersection angle is 120 degree between each other. The center lines of all the transducers go through the rotation center of the spindle. Each transducer proposed has a radiator in the front of the horn. The radiator has a concave surface which covers about 110 degrees of the spindle surface. A " Appl. Sci. 2016, 6, 280 2 of 13 identical carrying capacity, ensuring good stability. Bearing clearance and carrying capacity can be adjusted through changing the amplitude of the vibration surface. The control system of an ultrasonic bearing is simple, and does not cause electromagnetic interference to sensitive electronic components in the system. The levitation height of ultrasonic bearings can be controlled at the micron level, which can meet precision requirements. Moreover, the friction is very low as the bearing operates at a high speed, which makes it feasible to raise the speed limit [11] [12] [13] .
Benefiting from the development of piezoelectric ceramics technology, a lot of ultrasonic bearing concepts and structures excited by piezoelectric ceramics have come into existence. Yoshimoto et al. first proposed a novel ultrasonic linear bearing based on elastic hinges and piezoelectric ceramic stacks. Although elastic hinges can magnify the vibration amplitude under excitation of PZT (piezoelectric ceramics of PbZr03-PbTiO3 system) stacks, they also bring about structural complexity and high machining costs [14, 15] . Based on Yoshimoto's concepts, Stolarski improved the design. The improved linear bearing can suspend an object weighing 800 g at a height of a few micrometers [16, 17] . Stolarski and Ha et al. presented a new kind of ultrasonic journal bearing, which integrates ultrasonic levitation with hydrodynamic lubrication aimed at solving the wear problem of aerodynamic bearings in the starting or low-speed stage. The force required from one piezo-actuator to produce deformation of lobe depth of 3.5 μm was about 10 N [18] [19] [20] . Chao Wang proposed a tubular squeeze-film journal bearing. The bearing was designed to be driven at its 13th mode at the frequency of 16 .37 kHz at which the amplitude response was 3.22 μm [21] [22] [23] . Su Zhao presented an active journal air bearing actuated by high-power piezoelectric transducers. A steel spindle with a diameter of 50 mm had been successfully levitated and driven at low rotational speed. Each of the three ultrasonic transducers can provide a load carrying force up to 51 N at an input power of 50 W [24, 25] . Zhigang Yang et al. focused the study on supporting patterns of ultrasonic bearings and successfully developed ultrasonic thrust bearings, bidirectional supported ultrasonic bearings and hybrid-levitation bearings integrating ultrasonic levitation into gas bearings [26] [27] [28] . Chao Chen proposed a noncontact spherical bearing to explore a potential supporting method for gyroscopes. A maximum revolution speed of about 1071 r/min was measured for the prototype [29, 30] .
A novel noncontact ultrasonic levitating bearing that can simultaneously carry radical and lateral loads is first put forward in this paper. The bearing is excited by a radiator with a slot structure that can convert a sandwich transducer's unidirectional vibration into bidirectional vibration. Furthermore, this bearing has the function of self-aligning, which helps to improve the stability of the bearing. The finite element analysis method is adopted to obtain the bearing's main performance parameters. To predict the bearing's carrying capacity, radical and lateral radiation force models are established. In the radical radiation force model, the non-uniformity of air film and the surface roughness effect are first taken into consideration. Also, the thermodynamic theory of ideal gas is used to estimate the lateral radiation force. Eventually, experiments are conducted to validate the presented bearing's capacity to support radical and lateral loads.
The proposed bearing consists of three piezoelectric transducers (PT-1, PT-2, and PT-3) mounted on a housing. As shown in Figure 1a , the transducers are set circumferentially, and their center lines' intersection angle is 120 degree between each other. The center lines of all the transducers go through the rotation center of the spindle. Each transducer proposed has a radiator in the front of the horn. The radiator has a concave surface which covers about 110 degrees of the spindle surface. A "╣ ╠"-shaped slot through the lateral section is designed in order to transform partial vertical longitudinal vibration into flexural vibration on the radiator's two lateral surfaces when the transducer is driven to vibrate at its first longitudinal resonance frequency. As a result of the near-field acoustic levitation effect, squeeze films emerge between radiator's concave or lateral surface and the spindle's surface. A repelling force in the perpendicular direction is generated to suspend the spindle and automatically keeps it at an equilibrium position. Similarly, a thrust force in a lateral direction is generated to bear the axial load. Since the levitation force increases when the bearing clearance is decreased, the spindle will be dragged back to the center as it deviates from the bearing bore's center. This active self-"-shaped slot through the lateral section is designed in order to transform partial vertical longitudinal vibration into flexural vibration on the radiator's two lateral surfaces when the transducer is driven to vibrate at its first longitudinal resonance frequency. As a result of the near-field acoustic levitation effect, squeeze films emerge between radiator's concave or lateral surface and the spindle's surface. A repelling force in the perpendicular direction is generated to suspend the spindle and automatically keeps it at an equilibrium position. Similarly, a thrust force in a lateral direction is generated to bear the axial load. Since the levitation force increases when the bearing clearance is decreased, the spindle will be dragged back to the center as it deviates from the bearing bore's center. This active self-aligning technology aligning technology characteristic can guarantee the ultrasonic bearing will operate at a very steady state. The working principle of the proposed bearing is shown in Figure 1b . 
Working Frequency and Output Vibrating Amplitude of the Transducer
Using a commercially available FEM package (ANSYS12.0, ANSYS Inc., Canonsburg, PA, USA), the resonance frequency of the transducer is determined by modal analysis. The material of the horn and radiator is titanium alloy with a mass density of 4430 kg/m 3 , Young modulus of 1. The block Lanczos method recommended by ANSYS instructions is chosen to calculate transducers' modes. The first-order longitudinal mode is an available mode, as shown in Figure 2 . The calculated resonant frequency of first-order longitudinal mode is 16.241 kHz.
In order to obtain the amplitude on vibrating surface of radiator, harmonic analysis is conducted in a frequency domain which covers the first-order longitudinal vibrating frequency. According to the modal analysis result, the frequency domain is set between 16 kHz and 16.5 kHz. Given the energy loss when transducer is driven by an ideal voltage generator, the transducer's structural damping ratio (0.3%) is taken into consideration. Figure 3 shows the exciting method and structural constraint in harmonic analysis. The input peak voltage is 150 V during finite element simulation. In order to obtain the amplitude on vibrating surface of radiator, harmonic analysis is conducted in a frequency domain which covers the first-order longitudinal vibrating frequency. According to the modal analysis result, the frequency domain is set between 16 kHz and 16.5 kHz. Given the energy loss when transducer is driven by an ideal voltage generator, the transducer's structural damping ratio (0.3%) is taken into consideration. Figure 3 shows the exciting method and structural constraint in harmonic analysis. The input peak voltage is 150 V during finite element simulation. The results of harmonic analysis are shown in Figure 4 . The nodes numbered 45693 and 5537, which are near the center of the concave surface and in the thinnest area of the lateral surface, respectively, are chosen to be calculated. It is clearly seen that the maximum amplitude of Node 1 is approximately 12 μm at the resonant frequency, while that of Node 2 is about 3.5 μm. In order to obtain the amplitude on vibrating surface of radiator, harmonic analysis is conducted in a frequency domain which covers the first-order longitudinal vibrating frequency. According to the modal analysis result, the frequency domain is set between 16 kHz and 16.5 kHz. Given the energy loss when transducer is driven by an ideal voltage generator, the transducer's structural damping ratio (0.3%) is taken into consideration. Figure 3 shows the exciting method and structural constraint in harmonic analysis. The input peak voltage is 150 V during finite element simulation. The results of harmonic analysis are shown in Figure 4 . The nodes numbered 45693 and 5537, which are near the center of the concave surface and in the thinnest area of the lateral surface, respectively, are chosen to be calculated. It is clearly seen that the maximum amplitude of Node 1 is approximately 12 μm at the resonant frequency, while that of Node 2 is about 3.5 μm. The results of harmonic analysis are shown in Figure 4 . The nodes numbered 45693 and 5537, which are near the center of the concave surface and in the thinnest area of the lateral surface, respectively, are chosen to be calculated. It is clearly seen that the maximum amplitude of Node 1 is approximately 12 µm at the resonant frequency, while that of Node 2 is about 3.5 µm. In order to obtain the amplitude on vibrating surface of radiator, harmonic analysis is conducted in a frequency domain which covers the first-order longitudinal vibrating frequency. According to the modal analysis result, the frequency domain is set between 16 kHz and 16.5 kHz. Given the energy loss when transducer is driven by an ideal voltage generator, the transducer's structural damping ratio (0.3%) is taken into consideration. Figure 3 shows the exciting method and structural constraint in harmonic analysis. The input peak voltage is 150 V during finite element simulation. The results of harmonic analysis are shown in Figure 4 . The nodes numbered 45693 and 5537, which are near the center of the concave surface and in the thinnest area of the lateral surface, respectively, are chosen to be calculated. It is clearly seen that the maximum amplitude of Node 1 is approximately 12 μm at the resonant frequency, while that of Node 2 is about 3.5 μm. 
Load-Bearing Capacity of a Single Transducer
Owing to the near-field acoustic levitating effect, the high-frequency vibration on the radiator's concave surface and lateral surface will produce an acoustic radiation force on the supported objects. By means of calculating a single transducer's radiation forces in the radical and lateral directions, the load-carrying capacity of the ultrasonic bearing can be determined. In this section, the radical and transverse mechanical models are established using the nonlinear acoustic theory and thermodynamics theory of ideal gas, respectively. Figure 5 shows the cross section of a radical levitation structure including a journal and a radiator excited by single peizoelctric transducer. The concave surface with a radius R and width L vibrates at a resonance frequency f and a journal with a radius r is placed above at a height h 0 . The layer of air between the concave surface and journal surface is conventionally called gas squeeze film. The order of the air squeeze film thickness is 10 −5 m, which is three orders smaller than the dimensions of the vibrating surface R and L (with order of 10 −2 m). Thus, an acoustic wave generated by vibrating surface can be considered an approximate plane wave, and the air film pressure gradient along the thickness direction could be ignored. Since the suspended journal is a rigid body, the deformation will not occur, and the journal will exert no impact on the sound field. In return, air squeeze film pressure cannot change the modes of the vibrating surface. 
Modeling of Radical Radiation Force

Load-Bearing Capacity of a Single Transducer
Owing to the near-field acoustic levitating effect, the high-frequency vibration on the radiator's concave surface and lateral surface will produce an acoustic radiation force on the supported objects. By means of calculating a single transducer's radiation forces in the radical and lateral directions, the load-carrying capacity of the ultrasonic bearing can be determined. In this section, the radical and transverse mechanical models are established using the nonlinear acoustic theory and thermodynamics theory of ideal gas, respectively. Figure 5 shows the cross section of a radical levitation structure including a journal and a radiator excited by single peizoelctric transducer. The concave surface with a radius R and width L vibrates at a resonance frequency f and a journal with a radius r is placed above at a height h0. The layer of air between the concave surface and journal surface is conventionally called gas squeeze film. The order of the air squeeze film thickness is 10 −5 m, which is three orders smaller than the dimensions of the vibrating surface R and L (with order of 10 −2 m). Thus, an acoustic wave generated by vibrating surface can be considered an approximate plane wave, and the air film pressure gradient along the thickness direction could be ignored. Since the suspended journal is a rigid body, the deformation will not occur, and the journal will exert no impact on the sound field. In return, air squeeze film pressure cannot change the modes of the vibrating surface. The wave equation of a one-dimensional sound wave can be written as
Modeling of Radical Radiation Force
where p represents the acoustic pressure, t the time, c acoustic velocity, and  Laplace operator. Considering the multiple reflection between transducer's radiation surface and the journal's cylindrical surface, the sound pressure p and velocity v of waves in z-direction are calculated as
where A is the amplitude of acoustic pressure before stacking of incident sound waves and reflected sound waves, k the wave number,  0 the density of air, and  the angular frequency. Since the heat propagation velocity in the air is much lower than the acoustic velocity, the ultrasonic levitating process can be considered adiabatic. In addition, there is little acoustic energy dissipation caused by thermal conduction and viscous force among air molecules in the air squeeze film, so acoustic The wave equation of a one-dimensional sound wave can be written as
where p represents the acoustic pressure, t the time, c acoustic velocity, and ∇ Laplace operator. Considering the multiple reflection between transducer's radiation surface and the journal's cylindrical surface, the sound pressure p and velocity v of waves in z-direction are calculated as
where A is the amplitude of acoustic pressure before stacking of incident sound waves and reflected sound waves, k the wave number, ρ 0 the density of air, and ω the angular frequency. Since the heat propagation velocity in the air is much lower than the acoustic velocity, the ultrasonic levitating process can be considered adiabatic. In addition, there is little acoustic energy dissipation caused by thermal conduction and viscous force among air molecules in the air squeeze film, so acoustic absorption in levitating process is also neglected. Based on the theory of thermodynamics, kinetic energy density K, potential energy density V and total acoustic energy density E after time-averaging in the bearing's air squeeze film are derived as
According to a study by Lee C. P. and Wang T. G. [31] , the mean radiation pressure in an ideal gas is described as (4) can be simplified as
During the bearing's levitation process, when the journal is suspended at different heights h 0 in z-direction, the thickness h of air film varies apparently along the circumferential direction. As shown in Figure 6 , if levitation height h is equal to the radius difference δ between the journal's cylindrical surface and the bearing's radiation surface, the thickness h of air squeeze-film is uniform. However, if that is not the case, the thickness h of air squeeze-film will change over the angle θ between z-direction and the line from the journal center O to any given point on the radiation surface. The non-uniformity of air squeeze-film's thickness will exert a significant effect on the ultrasonic bearing's levitation capacity.
Appl. Sci. 2016, 6, 280 6 of 13 absorption in levitating process is also neglected. Based on the theory of thermodynamics, kinetic energy density K , potential energy density V and total acoustic energy density E after timeaveraging in the bearing's air squeeze film are derived as
According to a study by Lee C. P. and Wang T. G. [31] , the mean radiation pressure in an ideal gas is described as
During the bearing's levitation process, when the journal is suspended at different heights h0 in z-direction, the thickness h of air film varies apparently along the circumferential direction. As shown in Figure 6 , if levitation height h is equal to the radius difference δ between the journal's cylindrical surface and the bearing's radiation surface, the thickness h of air squeeze-film is uniform. However, if that is not the case, the thickness h of air squeeze-film will change over the angle θ between zdirection and the line from the journal center O to any given point on the radiation surface. The nonuniformity of air squeeze-film's thickness will exert a significant effect on the ultrasonic bearing's levitation capacity. Through geometric analysis, the relationship between air film thickness h and position angle θ (θ  (−α, α)) can be calculated. The thickness h1, h2, and h3 respectively in case a, case b, and case c are given by Through geometric analysis, the relationship between air film thickness h and position angle θ (θ ∈ (−α, α)) can be calculated. The thickness h 1 , h 2 , and h 3 respectively in case a, case b, and case c are given by
The surface roughness is ignored during the above-mentioned process of calculating air squeeze-film thickness. In the bearing-journal system, actually, the surface roughness of the bearing and journal is a key factor affecting the bearing's levitation capacity. If relative surface roughness, that is, the ratio between the surface roughness of the bearing or journal and the thickness of air film, is greater than 5%, this effect should not be neglected. Surface roughness will exert a significant impact on levitating force, especially when air film thickness has the same order as surface roughness. Figure 7a shows the surface roughness of the bearing and journal. The surface roughness is assumed to have the form of long narrow ridges and valleys distributed in the circumferential direction and axial direction. Figure 7b shows the surface topography of a region 90 µm × 90 µm on the journal cylindrical surface, measured with an atomic force microscope. Figure 7c describes the relationship among air film thickness h f , surface topography parameter ξ 1 and ξ 2 , and the gap h between an ideal journal and radiation concave with smooth surface. Actually, when the journal contacts a radiation concave surface, the air film thickness h f = 0, but the real gap h = ξ 1 + ξ 2 = 0. ξ 1 and ξ 2 represent the arithmetic mean value of all wave peaks on the journal and radiation concave surface, respectively. Since it is impractical to obtain all the wave peaks, several discrete regions on the journal and radiation surface are chosen to be measured, with the aim of obtaining ξ 1 and ξ 2 . The expressions of ξ 1 and ξ 2 can be described as
where Z 1vi and Z 1vj are peak values of all regions chosen on the journal surface in the axial direction and circumferential direction. respectively, Z 2pi and Z 2pj are peak values of regions chosen on the radiation concave surface in the axial direction and circumferential direction, respectively, and m and n are numbers of wave peaks in the axial direction and circumferential direction, respectively.
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The surface roughness is ignored during the above-mentioned process of calculating air squeeze-film thickness. In the bearing-journal system, actually, the surface roughness of the bearing and journal is a key factor affecting the bearing's levitation capacity. If relative surface roughness, that is, the ratio between the surface roughness of the bearing or journal and the thickness of air film, is greater than 5%, this effect should not be neglected. Surface roughness will exert a significant impact on levitating force, especially when air film thickness has the same order as surface roughness. Figure 7a shows the surface roughness of the bearing and journal. The surface roughness is assumed to have the form of long narrow ridges and valleys distributed in the circumferential direction and axial direction. Figure 7b shows the surface topography of a region 90 μm × 90 μm on the journal cylindrical surface, measured with an atomic force microscope. Figure 7c describes the relationship among air film thickness hf, surface topography parameter ξ1 and ξ2, and the gap h between an ideal journal and radiation concave with smooth surface. Actually, when the journal contacts a radiation concave surface, the air film thickness hf = 0, but the real gap h = ξ1 + ξ2 ≠ 0. ξ1 and ξ2 represent the arithmetic mean value of all wave peaks on the journal and radiation concave surface, respectively. Since it is impractical to obtain all the wave peaks, several discrete regions on the journal and radiation surface are chosen to be measured, with the aim of obtaining ξ1 and ξ2. The expressions of ξ1 and ξ2 can be described as
where Z1vi and Z1vj are peak values of all regions chosen on the journal surface in the axial direction and circumferential direction. respectively, Z2pi and Z2pj are peak values of regions chosen on the radiation concave surface in the axial direction and circumferential direction, respectively, and m and n are numbers of wave peaks in the axial direction and circumferential direction, respectively. Based on the above analysis, the radical levitation force of the ultrasonic bearing excited by each transducer can be calculated by Equation (8) which is as follows:
Modeling of Lateral Radiation Force
Different from radical levitation process above, the acoustic field excited by flexural vibration in lateral radiation process is hard to be described accurately. Both vertical and horizontal forces acting on an object that levitated on the vibrating surface were theoretically and experimentally studied by Hashimoto et al. [32] [33] [34] . In their studies, the levitation force was generated by longitudinal vibration which was considered to be piston motion, while the levitation force is excited by flexural vibration in our study. For this complicated case, the thermodynamic theory of ideal gas is adopted to approximately estimate the sound pressure in air film between the supported object and the radiation head's lateral surface. Figure 8 shows different states of the lateral levitation process. The process includes two main stages: direct extrusion (see Figure 8b ) and reverse extrusion (see Figure 8c) . When the radiator's lateral surface vibrates at a high frequency, the air between the radiator and supported object will also be squeezed at a high frequency. Because of the viscosity of the gas, it is difficult for the air to flow in or out of the gap rapidly, so that the time-averaging pressure of air in the gap is higher than that of the ambient environment. Due to the existence of the pressure difference, an air squeeze film with a certain stiffness is generated. Based on the above analysis, the radical levitation force of the ultrasonic bearing excited by each transducer can be calculated by Equation (8) which is as follows:
Different from radical levitation process above, the acoustic field excited by flexural vibration in lateral radiation process is hard to be described accurately. Both vertical and horizontal forces acting on an object that levitated on the vibrating surface were theoretically and experimentally studied by Hashimoto et al. [32] [33] [34] . In their studies, the levitation force was generated by longitudinal vibration which was considered to be piston motion, while the levitation force is excited by flexural vibration in our study. For this complicated case, the thermodynamic theory of ideal gas is adopted to approximately estimate the sound pressure in air film between the supported object and the radiation head's lateral surface. Figure 8 shows different states of the lateral levitation process. The process includes two main stages: direct extrusion (see Figure 8b ) and reverse extrusion (see Figure 8c) . When the radiator's lateral surface vibrates at a high frequency, the air between the radiator and supported object will also be squeezed at a high frequency. Because of the viscosity of the gas, it is difficult for the air to flow in or out of the gap rapidly, so that the time-averaging pressure of air in the gap is higher than that of the ambient environment. Due to the existence of the pressure difference, an air squeeze film with a certain stiffness is generated. An assumption is made that the gas between two surfaces is perfectly ideal, and the heat that gas in the gap absorbs from or radiates to surroundings is neglected as the process of the air's condensation and expansion in the gap is very fast. Thus, according to the state equation of ideal gas in an adiabatic process, the relationship between ambient pressure 0 p and air film pressure p can be expressed as
where V0 is the initial volume of air in the gap and γ is a specific heat ratio (γ = 1.4 for air). The lateral surface of the radiator is subjected to the high-frequency excitation, and flexural vibration deformation occurs. The expression of flexural vibration is An assumption is made that the gas between two surfaces is perfectly ideal, and the heat that gas in the gap absorbs from or radiates to surroundings is neglected as the process of the air's condensation and expansion in the gap is very fast. Thus, according to the state equation of ideal gas in an adiabatic process, the relationship between ambient pressure p 0 and air film pressure p can be expressed as
where V 0 is the initial volume of air in the gap and γ is a specific heat ratio (γ = 1.4 for air).
The lateral surface of the radiator is subjected to the high-frequency excitation, and flexural vibration deformation occurs. The expression of flexural vibration is a = a 0 cos(ωt) (10)
where a 0 and a respectively represent the peak value and instantaneous value of amplitude and ω is angular frequency. If the thickness of air squeeze film is defined as h 0 , the overlapping area of radiator and levitated object is S 0 , and the length and width of the flexural deformation area on the lateral surface are l and b, then the approximate volume V of air in the gap can be expressed as
So the mean pressure difference in a time period is derived as follows
where p = p 0
(1 − a 0 blcos(ωt)
The lateral levitation force generated by the radiator is calculated by
Fabrication and Measurement
Three prototypes of piezoelectric transducers are manufactured as shown in Figure 9a . An HP4294A impedance analyzer is used to obtain the resonance frequency and impedance characteristics. The maximum difference of minimum impedance frequency among the three transducers are less than 100 Hz, which is within the error allowed. The mean values of the three transducers' test results are shown in Figure 9b . The error at the resonance frequency point between the test and the above simulation is mainly attributed to the machining tolerance, offset characteristics of PZTs, and the conductivity of the glue. In order to realizing impedance matching for ultrasonic power, an extra LC-type matching network needs to be cascaded in the circuit, which can adjust series resonance frequency to a certain point of the impedance curve with approximate zero phase angle.
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where 0 a and a respectively represent the peak value and instantaneous value of amplitude and ω is angular frequency. If the thickness of air squeeze film is defined as 0 h , the overlapping area of radiator and levitated object is S0, and the length and width of the flexural deformation area on the lateral surface are l and b, then the approximate volume V of air in the gap can be expressed as
where
Three prototypes of piezoelectric transducers are manufactured as shown in Figure 9a . An HP4294A impedance analyzer is used to obtain the resonance frequency and impedance characteristics. The maximum difference of minimum impedance frequency among the three transducers are less than 100 Hz, which is within the error allowed. The mean values of the three transducers' test results are shown in Figure 9b . The error at the resonance frequency point between the test and the above simulation is mainly attributed to the machining tolerance, offset characteristics of PZTs, and the conductivity of the glue. In order to realizing impedance matching for ultrasonic power, an extra LC-type matching network needs to be cascaded in the circuit, which can adjust series resonance frequency to a certain point of the impedance curve with approximate zero phase angle. A KEYENCE laser displacement sensor (LK-H020) is applied to obtain the vibration amplitude in the vertical and lateral directions. By changing the output frequency of the ultrasonic power supply, the resonance frequency can be easily determined. The measurement results shown in Figure  10 show that the maximum vertical and lateral vibration amplitudes are 10.8 μm and 3.3 μm, respectively, where the frequency is about 16.11 kHz, which matches well with the simulation and A KEYENCE laser displacement sensor (LK-H020) is applied to obtain the vibration amplitude in the vertical and lateral directions. By changing the output frequency of the ultrasonic power supply, the resonance frequency can be easily determined. The measurement results shown in Figure 10 show that the maximum vertical and lateral vibration amplitudes are 10.8 µm and 3.3 µm, respectively, where the frequency is about 16.11 kHz, which matches well with the simulation and the measurement results. The errors between the actual working frequency and results of simulation or the impedance analyzer measurement can be caused by many factors, but the different boundary conditions may exert the most significant influence.
or the impedance analyzer measurement can be caused by many factors, but the different boundary conditions may exert the most significant influence.
For the purpose of validating the levitation capacity of ultrasonic bearing excited by one piezoelectric transducer, a test system is established shown in Figure 11 . The system mainly includes a vibration isolation platform, an ultrasonic bearing, weights, a supported object, a signal generator, a PZT driving amplifier, a laser displacement sensor and a computer, etc. The diameters of the ultrasonic bearing's concave surface and the journal's outer circle are 20.03 mm and 19.97 mm respectively. The mass of the journal is 23 g. Different vertical and lateral loads can be acquired through changing the weights and supported objects with different masses. Sinusoidal voltage is set with an amplitude of 150 Vp-p in the test. The comparison between theoretical results and experiment data on radical levitation capacity is shown in Figure 12 . It is clear that the levitation force is increased with the diminution of levitation height. When the levitation height is reduced to approximately the vibration amplitude of the radiation concave surface, the bearing force will reach the maximum value. In this case, the journal and radiation are in the critical contact state. The maximum radical levitation force is about 15 N. The main factors limiting radical levitation capacity are the input power and surface machining quality. The input power directly influences the vibrating amplitude of the radiator's surface, and the load capacity will be improved significantly with the increase in vibrating amplitude. According to the radical levitation curve, surface roughness reveals a significant effect on levitation force, especially when levitation height is in a low value range. For the purpose of validating the levitation capacity of ultrasonic bearing excited by one piezoelectric transducer, a test system is established shown in Figure 11 . The system mainly includes a vibration isolation platform, an ultrasonic bearing, weights, a supported object, a signal generator, a PZT driving amplifier, a laser displacement sensor and a computer, etc. The diameters of the ultrasonic bearing's concave surface and the journal's outer circle are 20.03 mm and 19.97 mm respectively. The mass of the journal is 23 g. Different vertical and lateral loads can be acquired through changing the weights and supported objects with different masses. Sinusoidal voltage is set with an amplitude of 150 V p-p in the test. the measurement results. The errors between the actual working frequency and results of simulation or the impedance analyzer measurement can be caused by many factors, but the different boundary conditions may exert the most significant influence. For the purpose of validating the levitation capacity of ultrasonic bearing excited by one piezoelectric transducer, a test system is established shown in Figure 11 . The system mainly includes a vibration isolation platform, an ultrasonic bearing, weights, a supported object, a signal generator, a PZT driving amplifier, a laser displacement sensor and a computer, etc. The diameters of the ultrasonic bearing's concave surface and the journal's outer circle are 20.03 mm and 19.97 mm respectively. The mass of the journal is 23 g. Different vertical and lateral loads can be acquired through changing the weights and supported objects with different masses. Sinusoidal voltage is set with an amplitude of 150 Vp-p in the test. The comparison between theoretical results and experiment data on radical levitation capacity is shown in Figure 12 . It is clear that the levitation force is increased with the diminution of levitation height. When the levitation height is reduced to approximately the vibration amplitude of the radiation concave surface, the bearing force will reach the maximum value. In this case, the journal and radiation are in the critical contact state. The maximum radical levitation force is about 15 N. The main factors limiting radical levitation capacity are the input power and surface machining quality. The input power directly influences the vibrating amplitude of the radiator's surface, and the load capacity will be improved significantly with the increase in vibrating amplitude. According to the radical levitation curve, surface roughness reveals a significant effect on levitation force, especially when levitation height is in a low value range. The comparison between theoretical results and experiment data on radical levitation capacity is shown in Figure 12 . It is clear that the levitation force is increased with the diminution of levitation height. When the levitation height is reduced to approximately the vibration amplitude of the radiation concave surface, the bearing force will reach the maximum value. In this case, the journal and radiation are in the critical contact state. The maximum radical levitation force is about 15 N. The main factors limiting radical levitation capacity are the input power and surface machining quality. The input power directly influences the vibrating amplitude of the radiator's surface, and the load capacity will be improved significantly with the increase in vibrating amplitude. According to the radical levitation curve, surface roughness reveals a significant effect on levitation force, especially when levitation height is in a low value range. Here, the lateral levitation height under different bearing capacities was investigated as shown in Figure 13 . The error between the theoretical model and experimental data is mainly ascribed to boundary effect, surface roughness, and the laser displacement sensor's measurement accuracy. Experimental data show that the maximum lateral levitation force is much smaller than the maximum vertical levitation force. This is because of the fact that the vertical levitation is excited by the longitudinal vibration of the whole concave surface while the lateral levitation is excited by flexural vibration of side faces, and the vertical vibration amplitude is higher than flexural vibration amplitude, which leads to the vibration energy in vertical direction is larger than that in lateral direction. The maximum lateral levitation force is about 2 N. When the lateral force exceeds 2 N, the bearing will contact with the supported object. Since the lateral vibration is at a high frequency, the bearing can generate friction-reducing effect even if the bearing and supported object come into contact, which has been demonstrated by many researchers [35, 36] . 
Conclusions
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A novel concept for an ultrasonic levitating bearing actuated by piezoelectric transducers is proposed. The desired mode of vibration and amplitude of the vibrating surface are obtained through modal analysis and harmonic response analysis. The established theoretical models can be employed to estimate the bearing's levitation force. The experimental data show that the prototype transducer achieves a maximum radical load of 15 N and an axial load of 2 N under a working frequency of 16.11 kHz and voltage of 150 V p-p . Thus, the bearing excited by three transducers can carry about 6 N in the axial direction. Furthermore, its load-carrying capacity in both the radial direction and axial direction can easily be increased by adding the input voltage of each transducer and improving the surface machining quality of the bearing and rotor. Compared with other ultrasonic bearings, the proposed ultrasonic bearing has a simpler fabrication than two-end bearings and supporting bearings; it also has better performance in terms of control, as the three transducers are virtually identical and can be controlled synchronously. Research on this kind of ultrasonic bearing can provide a new and better method for bidirectional supporting capacity.
